We investigated the formation and charge storage characteristics of Mo nanocrystals in silicon oxide and in silicon nitride by rapid thermal annealing of oxygen-and nitrogen-incorporated Mo and Si mixed layers. A high density of Mo nanocrystal (6 × 10 12 cm −2 ) was formed in the nitrogen-incorporated layer. Electrical analyses indicated that the memory window of the Mo nanocrystal embedded in the nitride is larger than that in the oxide. A reliability test showed that the Mo nanocrystal in the nitride has better reliability than the Mo nanocrystal in the oxide, which was explained by an electrical field simulation.
Introduction
Recently, metal nanocrystal memories have attracted considerable attention as promising candidates for next generation nonvolatile memories (NVMs) [1] [2] [3] . Compared with a semiconductor nanocrystal, metal nanocrystals have many advantages, such as higher density of states around the Fermi level and a wide range of available work functions [3] . However, when integrating the nanocrystal into the memory structure, there are still some issues regarding scaling. One of the main critical issues that limits device scaling is the variation of the electrical characteristics between cells, because the smaller the size of the device, the lower is the number of nanocrystals. Therefore, the formation of a high density nanocrystal which can alleviate the electrical variation between memory cells is important.
In this study, we investigate the formation of Mo nanocrystals by annealing oxygen-and nitrogen-incorporated Mo and Si mixed layers for nonvolatile memory application. Molybdenum is widely applied to VLSI due to its low cost, high work function and high thermal stability [4] . Furthermore, according to the literature, the size of a Mo nanocrystal can be as small as 2 nm without suffering from serious quantum effects, which is beneficial to retention characteristics [5] . In our experimental results, we found that the different ambience during sputtering can influence the density of the Mo nanocrystal. Furthermore, we study the memory characteristics and reliability of the Mo nanocrystal embedded in the oxide and in the nitride layer, and explain the difference in reliability between the Mo nanocrystal in the oxide and in the nitride through electrical field simulation. Figure 1 shows the process flow and memory structure. The memory cells were fabricated on a 6 inch p-type Si substrate. After the substrate was cleaned with the standard RCA process, a 5 nm-thick dry oxide was thermally grown at 950
Experiment
• C on the substrate in a horizontal furnace as the tunnel oxide. on the oxide layer by co-sputtering Mo and Si in Ar/O 2 or Ar/N 2 ambience. 30 nm-thick Si oxide as the block oxide was deposited on the Mo silicate layer by plasma enhanced chemical vapour deposition at 300
• C. The thermal annealing process was performed in ambient N 2 at 900
• C for 60 s to form Mo nanocrystals embedded in silicon oxide or nitride as the charge storage layer. Cells were then treated with NH 3 plasma to passivate the defects or traps in the oxide or nitride around the nanocrystals. To measure the electrical characteristics, 500 nm-thick Al was thermally evaporated through a shadow mask on the control oxide to form the metaloxide-semiconductor structure (MOS). Transmission electron microscopy (TEM) was used to investigate the nanostructure of the charge storage layer. Electrical characteristics including the capacitance-voltage (C-V ) hysteresis and retention characteristics were measured using a Keithley4200 and HP4284 Precision LCR meter. • C, respectively. From the TEM analysis, the average size and density of the Mo nanocrystal formed in the oxygen-incorporated layer are about 5 nm and 1 × 10 12 cm −2 , respectively. In contrast, the size of the Mo nanocrystal in the nitrogen-incorporated layer is about 2 nm, and the density is as high as 6 × 10 12 cm −2 . The high density can prevent variation between cells while the size of the memory structure scales down. For the higher density of Mo nanocrystal in silicon nitride, we consider there is a higher density of dangling bonds in silicon nitride than in silicon oxide. According to the previous literature, nitridation of the silicon oxide layer increased the dangling bonds, which acted as nucleation centres in the layer. Therefore, the density of the nanocrystal can be increased. Figures 3(a) and (b) show the C-V curves of the Mo nanocrystal embedded in the oxide and in the nitride, respectively. The curves were obtained after the gate voltage swept from inversion to the accumulation region of the substrate (from 4 to −6 V and 9 to −11 V) and the reverse. The hysteresis loops of the sample are counterclockwise due to substrate injection through the tunnel oxide. It can be seen that the memory window (the width of the loop) for the Mo nanocrystal in the oxide is around 3.0 V under 9 V to −11 V sweeping voltage. In contrast, the memory window of the Mo nanocrystal in the nitride is around 7.8 V. The larger memory window can be attributed to the high density of the nanocrystal. During the voltage sweeping, carriers can be injected from the substrate to the nanocrystals and then captured by the nanocrystals. The memory window is proportional to the total stored charges in the cell. If one nanocrystal captures one electron during the sweeping voltage, the total stored carriers for the higher density of the nanocrystal in the unit cell are larger than that for the lower density one. This results in a larger memory window for the Mo nanocrystal in the nitride than that for the Mo nanocrystal in the oxide. Figure 4 is the retention characteristic for Mo embedded in the oxide and in the nitride. The retention was measured by the stress voltage on the Al gate electrode.
Results and discussion
V FB was obtained by comparing the C-V curves for the sample before and after applying the programming voltage stress on the Al gate. V FB is defined as the voltage at which the band bending in the substrate is flat. It can be seen that the remaining charge of the Mo nanocrystal in the oxide is 87% which is close to the remaining charge of the Mo nanocrystal in the nitride (88%). However, after programming and erasing (P/E) cycles at a pulse voltage of 15 V for 10 ms, the remaining charge is 72% for the Mo nanocrystal in the oxide ( figure 5 ). The retention characteristic of Mo in the oxide has 15% degradation. In contrast, the retention of Mo nanocrystal in the nitride has only 8% degradation. These results indicated that the Mo nanocrystal embedded in the nitride layer as the charge storage layer has better reliability than the Mo nanocrystal in the oxide. The better retention characteristic of Mo in the nitride was explained by electrical field simulation for both structures. Figure 6 shows the electrical field distribution in the memory structure. The simulation conditions of the nanocrystal structures are according to TEM analyses and the gate voltage is settled at the programming voltage (15 V).
Here, we use the ISE Integrated Systems Engineering TCAD software to build the nanocrystal (NC) structure and model. It can be seen that the maximum electrical field for the Mo embedded in oxide is 6.1 MV cm −1 . However, the electrical field for the Mo embedded in nitride is 4.8 MV cm −1 . Since the voltage drop on a metal nanocrystal is small and can be ignored, the larger the size of the nanocrystal in the dielectric, the higher the electrical field in the surrounding dielectric. For the same thickness of the gate dielectric and the same electrode bias, because the size of the nanocrystal in the oxide (5 nm) is larger than that in the nitride (2 nm), the electrical field in the tunnel oxide of Mo embedded in the oxide should be larger than that in the nitride. During the P/E cycles, the larger electrical field indicates the larger amount of carrier transport between the nanocrystal and the substrate, resulting in a significant degradation in the tunnel oxide. Therefore, the retention of the Mo nanocrystal in the oxide is poorer than that of the Mo nanocrystal in the nitride.
Conclusion
In conclusion, memory characteristics of Mo nanocrystals embedded in silicon oxide and silicon nitride were investigated in this study. The density of the Mo nanocrystal in the nitride is 6×10 12 cm −2 . The memory window can be enhanced by the Mo nanocrystal embedded in the nitride. The larger memory (7.8 V) for the Mo nanocrystal in the nitride can be attributed to the higher density of the nanocrystal. The retention after 10 6 P/E cycles has 15% and 8% degradation for the Mo nanocrystal in the oxide and in the nitride, respectively. The large memory window and good reliability of high density Mo nanocrystals embedded in nitride can be applied in next generation NVMs.
